1. On transferring Clostridium symbiosum glutamate dehydrogenase from pH 7 to assay mixtures at pH 8.8, reaction time courses showed a marked deceleration that was not attributable to the approach to equilibrium of the catalysed reaction. The rate became approximately constant after declining to 4-5 % of the initial value. Enzyme, stored at pH 8.8 and assayed in the same mixture, gave an accelerating time course with the same final linear rate. The enzyme appears to be reversibly converted from a high-activity form at low pH to a low-activity form at high pH. 2. Re-activation at 31°C upon dilution from pH 8.8 to pH 7 was followed by periodic assay of the diluted enzyme solution. At low ionic strength (5 mM-Tris/HCI), no re-activation occurred, but various salts promoted re-activation to a limiting rate, with full reactivation in 40 min. 3. Re-activation was very temperature-dependent and extremely slow at 4°C, suggesting a large activation energy. 4. 2-Oxoglutarate, glutarate or succinate (10 mM) accelerated re-activation; L-glutamate and Laspartate were much less effective. 5. The monocarboxylic amino acids alanine and norvaline appear to stabilize the inactive enzyme: 60 mM-alanine does not promote re-activation, and, as substrates at pH 8.8 for enzyme stored at pH 7, alanine and norvaline give progress curves showing rapid complete inactivation. 6. Mono-and di-nucleotides (AMP, ADP, ATP, NAD+, NADH, NADP+, CoA, acetyl-CoA) at low concentrations (10-4-10-3M) enhance re-activation at pH 7 and also retard inactivation at pH 8.8. 7. The re-activation rate is independent of enzyme concentration: ultracentrifuge experiments show no changes in molecular mass with or without substrates. 8. The activation-inactivation appears to be due to a slow pH-dependent conformational change that is sensitively responsive to the reactants and their analogues.
INTRODUCTION
Glutamate dehydrogenases (EC 1.4.1.2-4) catalyse the reversible NADP+-dependent oxidative deamination of Lglutamate. They have been much studied because of their complex regulatory behaviour and metabolic importance, but the lack of a detailed three-dimensional framework has limited understanding. Crystallization of NADI-dependent glutamate dehydrogenase from the anaerobic bacterium Clostridium symbiosum [1] has, however, now led to the solution of the structure at high resolution [2,3; P. J. Baker, K. L. Britton, P. C. Engel, G. W. Farrants, K. S. Lilley, D. W. Rice & T. J. Stillman, unpublished work]. The enzyme is hexameric, with a subunit Mr of 49000 [1] , and striking sequence similarity (K. S. Lilley, P. E. Brown & P. C. Engel, unpublished work) to the NADP+-dependent glutamate dehydrogenases of Escherichia coli, for which a gene sequence is available [5, 6] , and Neurospora crassa, sequenced via both protein and gene [7, 8] .
Detailed functional information for the clostridial enzyme is required both in order to understand its structure and to permit comparison with the properties of related glutamate dehydrogenases. The present paper documents the reversible pHdependent inactivation of the enzyme, including the effects of temperature, ionic strength and various ligands. The interpretation offered in a brief previous report [9] is now revised in the light of new results.
MATERIALS AND METHODS
Glutamate dehydrogenase was purified from cell paste of Clostridium symbiosum [10] and stored at 4 'C as a precipitate in 60 % (w/v)-satd. (NH4)2SO4. 23 -fold less than the initial rate given by the stock solution of enzyme at pH 7 assayed in the same buffer.
Incubations of stock enzyme solutions at altered pH
These observations suggested reversible conversion from a low-activity form at pH 8.8 into a high-activity form at pH 7.0. This was further tested by diluting enzyme stock (4.5 mg/ml) in 20 mM-Tris/HCl, pH 8.8, 20-40-fold into 20 mM-Tris/HCl, pH 7.0 at 25 'C, and then assaying samples (10 ,1) in System I (4 ml). Activity increased over several hours from 0.68 /LM min-,#g-' ml to a constant value of 14 ,SM min-l ,g- 1. ml. In the converse experiment, upon dilution into buffer at pH 8.8, enzyme previously stored at pH 7 was completely converted into the low-activity form in less than 1 min. Changing the chemical nature of the buffer did not alter the pattern: dilution from pH 8.8 into 0.1 M-potassium phosphate, pH 7, gave the same result as dilution into Tris buffers at pH 7.
To monitor re-activation in long-term incubations, a choice had to be made between assay at pH 7 (accelerating rates) and at pH 8.8 or some other pH. Assays at pH 7 gave poor reproducibility, and, despite the declining rates, assay at pH 8.8 (System I and II) was more satisfactory.
Influence of ionic strength on re-activation
When a stock enzyme solution (4.5 mg/ml), prepared by dialysis against 5 mM-Tris/HCl, pH 8.8, was diluted 45-fold into 5 mM-Tris/HCl, pH 7, at 31 'C, almost no re-activation was observed ( Fig. 1 ). Higher concentrations of Tris/HCl or Tris/acetate gave much greater rates and extents of re-activation. Similar enhancement was given by NaCl (10-200 mM; results not shown). With 50 mM-NaCl or more, re-activation was maximal after 60 min. At 100 mm, the effects of NaCl, LiCl, KCI, RbCl, CsCl and also Nal, NaBr, NaNO3 and NaF were indistinguishable. Substitution with bivalent ions (Mg2+, CO+, SO4N-) to give the same ionic strength (10.1) produced the same effect. Thus, under conditions of maximal re-activation, no ion-selectivity was seen. However, when 30 mM-NaCl, which gives slower re-activation, was compared with other salts, some selectivity emerged. Thus Na+ gave faster re-activation than K+, Cl-was more effective than F-, and bivalent ions (SO2-as 10 mMNa2SO4 and Mn2+ as 10 mM-MnCI2) were more effective than univalent ions at the same ionic strength. Despite these differing rates, most salts gave the same final activity after 24 h.
Influence of temperature on re-activation Glutamate dehydrogenase was re-activated with 0.1 M-NaCl in 5 mM-Tris/HCI adjusted to pH 7 at different temperatures (Fig.  2) . Re-activation was complete after 40 min at 25°C and 31°C, but negligible even after 2 h at 4 'C. This implies a large activation energy, but this was difficult to estimate, since semi-logarithmic plots were biphasic. Effects of substrates and substrate analogues on re-activation The NADP+-linked glutamate dehydrogenases of Neurospora crassa and Candida utilis display a pH-dependent activationinactivation equilibrium in the reverse sense from that seen here, that is, the enzyme is activated at high pH. With these glutamate dehydrogenases the equilibrium is markedly affected by di-and tri-carboxylic acids [15] [16] [17] . The effects of substrates, substrate analogues and dicarboxylic acids on the re-activation of Clostridium symbiosum glutamate dehydrogenase were therefore investigated (Fig. 3) . Concentrations were calculated to match the ionic strength of 30 mM-NaCl, used as a control, according to eqn. (1): where I is the ionic strength, c, the concentration of species i and Z1 its charge. For multiply charged species, especially zwitterions, z1 is a somewhat ambiguous entity. Here a net point charge has been assumed so that, for example, together with the univalent counterions 10 mM-glutarate/succinate, contributes the same ionic strength as 30 mM-NaCl. For glutamate there is the added complication of the extent to which opposite charges cancel out: the fully charged ion could be regarded as a point charge of anything from 1 to 3. It is thus surprising that 20 mM-glutamate gave considerably slower re-activation than 30 mM-NaCl (Fig.  3) . With aspartate, even 60 mm gave re-activation not much faster than the control. The monocarboxylic amino acid norvaline gave much less re-activation at 60 mm than the NaCl control. Most notably, 60 mM-alanine produced no re-activation whatsoever, despite its ionic-strength contribution. This suggests that alanine stabilizes the less-active form of the enzyme. These effects of monocarboxylic amino acids correlate well with the observation that norvaline and alanine, as substrates at pH 8.8 for enzyme previously stored at pH 7, gave markedly curved reaction traces, showing complete inactivation over the time course of an assay (a few minutes). By contrast, dicarboxylates lacking the amino group strikingly enhanced re-activation. Thus 10 mmglutarate, 2-oxoglutarate or succinate gave full re-activation within 10-20 min (e.g. glutarate; Fig 3) . 24 Effects of NAD(H) and other adenine nucleotides on re-activation Various adenine nucleotides were tested for their effects on re-activation of glutamate dehydrogenase in 5 mM-Tris/HCI at 31 'C. These included the natural coenzymes NADI and NADH, NADP+, which is not an effective coenzyme for this glutamate dehydrogenase, AMP, ADP and ATP, which are indicators of energy status and, in the case of ADP and AMP, also fragments of the coenzyme structure, and CoA and acetyl-CoA, which are involved in the further metabolism of glutamate in C. symbiosum. All these nucleotides are inhibitors of the enzyme competitive with NADI [10] . Whereas adenosine at 0.2 mm had no effect whatsoever on re-activation, all the nucleotides triggered regain of activity. ATP was particularly effective, promoting complete re-activation within 30 min at 0.1 mM, but all three mononucleotides were significantly more effective than the dinucleotides. Typical results are shown in Fig. 4 . When nucleotides were added to enzyme undergoing the transition from pH 7 to pH 8.8 at 31 'C, inactivation, though not prevented, was nevertheless retarded. In this case NADH was considerably more effective than ATP (both at 1 mM). Effects of pH and protein concentration on re-activation and on the sedimentation properties of glutamate dehydrogenase
In view of the much-studied linear aggregation of ox liver glutamate dehydrogenase [18] [19] [20] , it seemed initially plausible that the activity changes of clostridial glutamate dehydrogenase might be due to changes in quaternary structure. Re-activation experiments were carried out at 31°C with 5 mM-Tris/HCI and 0.1 M-NaCl for four different final concentrations of enzyme over a 10-fold range (0.06-0.6 mg ml-1). Time courses for regain of activity were superimposable. There is thus no evidence for involvement of aggregation or dissociation in the activationinactivation equilibrium. This conflicts with the conclusion in our earlier report [9] , and it is now clear that the variation of glutamate dehydrogenase concentration in the first study was accompanied by a significant variation in pH. Analytical ultracentrifugation and sucrose-density centrifugation [13] allowed us to explore a wide range of glutamate dehydrogenase concentrations at high and low pH in Tris/HCl buffer. Symmetrical schlieren peaks were seen at pH 7 and pH 8.8 (Fig. 5) .
The s0 values from plots of I/520w(observed) against 1 /[glutamate dehydrogenase] were11.01 S and 11.69 S at pH 7 and 8.8 respectively. These small differences -may reflect slight alterations in axial ratio, but are not consistent with a dissociation equi- librium. Traces of slower-sedimenting material (Fig. 5) are not a function of protein concentration and appear to be due to impurities, in line with evidence from gel electrophoresis. [17] , the major effect of temperature is on the position of the activationinactivation equilibrium. This is not the case here.
The inability of dicarboxylates and nucleotides to activate the high-pH form of the enzyme without a change to low pH further suggests a large activation energy. Similarly alanine and norvaline were unable to promote inactivation at pH 7, even though they clearly stabilize the low-activity state once it is formed. In an apparently analogous way, NADPH inactivates N. crassa glutamate dehydrogenase only at pH values below 7.8 [15] .
The effects of alanine and norvaline are in striking contrast with the activation of ox liver glutamate dehydrogenase by monocarboxylic amino acids [21] [22] [23] [24] .
Although large macroscopic pH changes are perhaps unlikely to occur in the cell, the pH of the enzyme's microenvironment may differ sufficiently from the macroscopic pH to affect the conformational equilibrium, which could also respond to changes in metabolite concentrations. Frieden Clearly an explanation of the nature of the pH-dependent transition in activity will be essential to an overall understanding of the catalytic action and allosteric kinetics [10] of this enzyme. The present results point to a number of new lines of experimentation.
